Abstract | During the past 6 years, focused virus hunting has led to the discovery of nine new human polyomaviruses, including Merkel cell polyomavirus, which has been linked to Merkel cell carcinoma, a lethal skin cell cancer. The discovery of so many new and highly divergent human polyomaviruses raises key questions regarding their evolution, tropism, latency, reactivation, immune evasion and contribution to disease. This Review describes the similarities and differences among the new human polyomaviruses and discusses how these viruses might interact with their human host.
The recent discovery of nine new human polyoma viruses has reinvigorated the study of this group of DNA tumour viruses and their potential contributions to disease (TABLE 1) . Several polyomaviruses have also been recently discovered in other primates, including chimpanzees, orangutans and gorillas [1] [2] [3] [4] . This sudden burst of discovery has revealed that polyomaviruses rep resent a large genus with a high degree of divergence. Although all nine of the new human polyomaviruses have a genomic structure and gene organization simi lar to that of the canonical polyomavirus simian virus 40 (SV40) (FIG. 1a) , there are significant differences in sequence that might have an impact on the life cycle and host cell tropism of the new human viruses. The increas ing number of human and animal polyomaviruses sug gests that there are many more to be discovered and raises key questions regarding their tropism, spread and diseasecausing potential.
More than 50 years of research on SV40 and murine polyomavirus (MPyV) have provided crucial insights into the cellular and molecular biology of these viruses and established a strong foundation for the study of the many newly discovered polyomaviruses 5 . The first two human polyomavirus species to be character ized, JC polyoma virus (JCPyV) and BK polyomavirus (BKPyV), were identified in 1971 and named after the index case patients 6, 7 . Both are benign infectious agents in most individuals, but are capable of causing severe pathological manifestations in individuals who are immunosuppressed. Epidemiological and clinical studies revealed that infection with JCPyV and BKPyV typically occurs at a young age, and the viruses establish a lifelong persistent infection in sanctuary sites such as the proximal renal tubule [8] [9] [10] [11] [12] [13] . However, in patients with HIV/AIDS and, more recently, in patients with multiple sclerosis who have been treated with nata lizumab, JCPyV is the causative agent of progressive multifocal leukoencephalopathy (PML) 14 , a frequently fatal disease of the central nervous system. Uncontrolled BKPyV infection contributes to polyomavirus associated nephropathy (PVAN) in patients who have received a renal transplant and to haemorrhagic cystitis in patients who have received a haematopoietic stem cell transplant 15 . Since 2007, nine human polyomavirus species have been identified. These new viruses are named after the institution where the discovery was made (Karolinska Institute polyomavirus (KIPyV) and Washington University polyomavirus (WUPyV)) 16, 17 ; after the source of the original virus isolate (Malawi polyomavirus (MWPyV) and St Louis polyomavirus (STLPyV)) 18, 19 ; after the disease association (Merkel cell polyomavirus (MCPyV) and trichodysplasia spinulosaassociated polyomavirus (TSPyV)) 20, 21, 22 ; or in the temporal order of discovery (human polyomavirus 6 (HPyV6), HPyV7 and HPyV9 (REFS 23, 24) )) The new viruses were identi fied using a variety of techniques. Most of the discovery protocols involved virion enrichment from samples by treatment with DNase to eliminate unencapsidated DNA, followed by protease treatment to disrupt the virions, and then DNA sequencing. These techniques are now widely used in mining microbiome niches 25 . WUPyV and KIPyV were found by highthroughput sequencing of DNA from nasopharyngeal samples, fol lowed by comparison with known human and pathogen sequences 16, 17 . Electron microscopy evidence of a hair follicle infected with a 38 nm diameter polyomavirus like particle in a patient with trichodysplasia spinulosa anticipated the discovery of a virus 20 ; TSPyV was sub sequently identified from trichodysplasia spinulosa lesions by a strategy that exploited the circular nature of polyomavirus genomes by using rollingcircle amplifi cation by highly processive DNA polymerases followed by digestion with restriction enzymes that typically cut only once in polyomavirus genomes 21, 26 . HPyV6 and HPyV9 were also identified using the rollingcircle amplification method 23, 27 . HPyV7 was identified from DNA isolated from skin using degenerate PCR prim ers corresponding to WUPyV and HPyV6 (REF. 23 ). MWPyV was first isolated from stool specimens by enriching for potential viruslike particles (VLPs) 18 . Two other groups also identified MWPyV, from stool (origi nally called MX polyoma virus (MXPyV)) 28 and from a patient with WHIM (warts, hypogammaglobulinaemia, infections and myelo kathexis) syndrome (originally called HPyV10) 29 . The most recent polyomavirus to be discovered, STLPyV 19 , was isolated from stool specimens obtained from both the Gambia and the United States, and its close relationship to MWPyV supports its tentative assignment as a new human polyomavirus.
MCPyV was identified using digital transcrip tome subtraction, in which cDNA libraries pre pared from Merkel cell carcinoma (MCC) specimens were sequenced using pyrosequencing. The human sequences were subtracted to identify novel sequences, which were then aligned with known viral sequences by a BLAST homology search to detect polyomaviruslike genes 22 . Importantly, the initial discovery of MCPyV in these MCC specimens revealed that the viral genome was clonally integrated into the tumour cell DNA.
Although MCPyV is a typical polyomavirus with an episomal circular doublestranded DNA (dsDNA) genome, this genome becomes stably integrated into a chromosome in MCC cells. Examination of the MCPyV genomes identified in MCC specimens revealed that they contain mutations and deletions that render the viral DNA incapable of supporting viral DNA replication and generating viable virions.
With the discovery of so many new viruses, the nomenclature of polyomaviruses has continued to evolve 30 . The former family designation Papovaviridae included both the polyomaviruses and the papilloma viruses, but the new designation Polyomaviridae includes Polyomavirus as the only genus. The Polyomaviridae Study Group of the International Committee on Taxonomy of Viruses (ICTV) proposed several criteria for polyomavirus classification, includ ing dividing the polyomaviruses into three genera, with Orthopolyomavirus and Wukipolyomavirus contain ing all the mammalian species and Avipolyomavirus restricted to bird polyomaviruses 30 . In addition, the committee proposed that for a polyomavirus to be designated a unique species within the family, the wholegenome nucleotide sequence must have less than 81% nucleotide identity to the sequence of known polyomavirus species.
HPyV9 has been isolated from blood and urine, which are normally sterile, and this strongly supports the candidacy of this virus as a human polyomavirus. 
Early region Late region Nature Reviews | Microbiology However, as some of the human polyomavirus sequences (HPyV6, HPyV7, MWPyV and STLPyV) have been isolated from human stool, respiratory secretions or skin swab specimens, they could represent environ mental contaminants and be considered 'potential' human viruses. Evidence supporting their classification as human polyomaviruses includes isolation from an infected cell and detection of seropositivity, as has been described for HPyV6 and HPyV7 (REF. 23 ).
The serology for BKPyV and JCPyV indicates that infection typically occurs at an early age, and persistent, sustained antibody titres throughout life indicate a per sistent infection. For many of the human polyoma viruses surveyed, the seroprevalence is high in the general popu lation 8, [31] [32] [33] . Serological assays have evolved
, and the use of recombinant viral VP1 capsid proteins (FIG. 1b) specific for each species has enabled the development of highthroughput screens and sensitive competition assays to distinguish between infections with the various polyomaviruses. The seroprevalence of the new polyoma viruses is as high as 90% of individuals (TABLE 1) , with the possible exceptions of HPyV7 and HPyV9, although more data are needed. The seroprevalence of JCPyV also appears to be lower than this, in the 40-60% range; this incidence rate has important risk stratification conse quences for patients receiving natalizumab and related immunosuppressive drugs 34 . Given the increasing use of immunosuppressive therapy after renal and haematopoietic stem cell trans plantation and for multiple sclerosis, rheumatoid arthri tis and other autoimmune diseases, and the ability of some polyoma viruses to cause disease in some individu als receiving this therapy, it is likely that the frequency of diseases resulting from these viruses will increase. Although many questions remain unanswered, extrapo lation from the known biology of JCPyV and BKPyV allows a predictive framework for the study of the new viruses. In this article, we compare the similarities and differences among the new human polyomaviruses with respect to their evolution, possible disease relationships and host interactions. For additional reviews addressing some of these issues, see REFS 14, 15, [35] [36] [37] Genomic organization and phylogeny Polyomaviruses are small viruses (~45 nm in diam eter) containing a single circular dsDNA genome of ~5.2 kb (FIG. 1a,c) . There are two distinct transcriptional units within the genome; the early region encodes the alternatively spliced large tumour (T) and small T anti gens, named for their corresponding protein size, and the late region encodes the structural viral proteins VP1, VP2 and VP3, which form the viral capsid 38 . Alternatively spliced variants of large T antigen have been characterized for several polyomaviruses 39 (an example, denoted LT′, is shown in FIG. 1a) . STLPyV may express 229T, a third early transcript that shares the first 190 residues of small T antigen with an additional 39 res idues from an alternative reading frame of large T anti gen 19 . None of the human polyomaviruses appears to encode a middle T antigen, which is present in MPyV 40 . The late region transcript uses alternative translational start sites to encode VP1, VP2 and VP3. The late region of JCPyV and BKPyV, as well as that of several monkey polyomaviruses, including SV40, also encodes agnopro tein, a small protein of unknown function. The early and late regions are separated by a noncoding regulatory region containing the early and late promoters (with their corresponding transcriptional start sites) and the origin of viral DNA replication 38 . Polyomavirus virions are nonenveloped, and the cap sid comprises 72 pentamers (capsomeres) of the major structural protein VP1, each of which is associated with a single molecule of VP2 or VP3. SV40 also encodes VP4, which has been shown to act as a viroporin 41 . Because infectious viruses and permissive host cells have not yet been identified for the new human polyomaviruses, the prototypical gene products described in The groupings are perhaps not surprising, as sev eral related species were isolated from the same tissue or sample types. For example, WUPyV and KIPyV, HPyV6 and HPyV7, and MWPyV and STLPyV are seen paired in their own distinct branches, mirroring their isolation from nasopharyngeal, skin and stool sources, respec tively. The close protein homology between these pairs might reflect distinct viral protein-host protein interac tions that support their tissue tropism 42 . Many human polyomaviruses appear to be closely related to primate relatives: BKPyV and JCPyV most closely resemble SV40 and simian agent 12 (SA12), a baboon virus; HPyV9 is very similar to African green monkey polyomavirus (AGMPyV; also known as B lymphotropic polyoma virus (LPyV)); MCPyV resembles Gorilla gorilla gorilla polyomavirus 1, as well as several isolates from chim panzees 4 ; and TSPyV resembles Bornean orangutan polyomavirus. It is difficult to assign the evolutionary derivation of these primaterelated human virus species. Both coevolution from a common ancestral polyoma virus and adaptation to a new host after zoonotic trans mission of each primate virus have been considered [43] [44] [45] . Data obtained from polyomaviruses found in other species might inform these evolutionary hypotheses.
Polyomavirus proteins
The polyomaviruses encode a limited number of pro teins, all of which are dependent on specific interactions with host cell proteins to promote viral replication and sustain viability. The history of polyomavirus research has repeatedly revealed that the identification of spe cific viral protein-host protein interactions leads to key insights into eukaryotic cell biology and mammalian tumour biology.
T antigens
All human polyomaviruses express distinct early or late mRNAs. The early mRNAs are expressed soon after infection and are alternatively spliced to yield large and small T antigens that share the aminoterminal 75-80 residues encoded by the first exon of the large T antigen gene (FIG. 3a-c) . The small T antigen mRNA reads through the first splice donor site of the large T antigen gene to encode a unique region that is not shared with large T antigen. The small T antigen unique region, stop codon and small Tspecific splice donor site all reside within the intron of the large T antigen gene and use the splice acceptor of the large T antigen gene to make the complete small T antigen mRNA. Although all polyomaviruses produce an early mRNA that encodes the fulllength large T antigen, several (including MCPyV, BKPyV
Box 1 | Serological methods for studying polyomavirus infection
The serological analysis of polyomavirus infection has been facilitated by the recombinant production of the viral protein VP1. Expressing VP1 in eukaryotic cells -for example, in the baculovirus expression system -results in the formation of assembled virus-like particles (VLPs) that can be isolated and bound directly to ELISA (enzyme-linked immunosorbent assay) plates. This assay can be further refined by subjecting borderline samples to a secondary screen using pre-incubation of the serum sample with VP1 VLPs in solution. In this competition step, specificity for the particular VP1 is confirmed. The production and purification of VLPs can be difficult, and expression of glutathione-S-transferase (GST)-conjugated VP1 in Escherichia coli has been used as a convenient alternative 150 . The GST-VP1 proteins are purified by affinity chromatography as pentameric capsomeres (rather than assembled VLPs) and then bound to ELISA wells that have been coated with casein-conjugated glutathione 8 . This method also allows the use of competition assays by first pre-incubating the sera with non-conjugated VP1 pentamers of the same or different polyomavirus. Using such competition assays, the human antibody response has been generally found to be specific to each polyomavirus species, although cross-reactivity has been detected 151, 152 . This technique has been adapted to incorporate Luminex bead technology, in which the GST-VP1 proteins from different polyomaviruses are bound to glutathione-conjugated beads of varying colours, allowing for the simultaneous assay of up to 100 different species in a single serum sample (of microlitre quantity) for use in high-throughput screens 153 . Most recently, pseudovirus assays, similar to those developed for measuring papillomavirus serology, have been used to assess polyomavirus neutralizing antibody titres 31 . Pseudoviruses are generated by transfecting 293TT cells (engineered to overexpress SV40 large T antigen) with expression plasmids for the VP1, VP2 and VP3 genes of the particular polyomavirus along with a reporter plasmid. VLPs are formed, and the reporter plasmid is packaged in a subset of particles. Sera incubated with the purified pseudoviruses before 'infection' of permissive target cells then give a semi-quantitative measure of the neutralizing antibody titre as measured by the decrease in colorimetric signal from the reporter. Nature Reviews | Microbiology and JCPyV) produce alternatively spliced mRNAs in which regions encoding the central or carboxyterminal domains of large T antigen have been deleted 39 (such as the LT′ mRNA in FIG. 1a) . The MCPyV small T antigen mRNA can also undergo this alternative splicing, but this does not affect the small T antigencoding region 39 . Large T antigen contains several intrinsic biochemi cal activities and binds specifically to cellular proteins required for polyomavirus replication (FIG. 3b) . The N terminus of all polyomavirus T antigens contains a DnaJ domain, or J domain, which contributes to effi cient viral DNA replication, although it is not clear how this is accomplished 46 . In addition to the J domain, all human polyomavirus large T antigens contain an LXCXE motif 47 . This motif binds directly to the tumour suppressor retinoblastomaassociated protein (RB) and to the RBrelated proteins p130 (also known as RBL2) and p107 (also known as RBL1). The J domain coop erates with the LXCXE motif to disrupt the interaction between RB and the E2F family transcription factors in order to promote cell cycle entry and progression 48 . In addition to RB, MCPyV large T antigen binds the endo somal protein VPS39, although the biological conse quences of this interaction are not clear 49 . Following the LXCXE motif, all large T antigens contain a threonineproline-proline-lysine (TPPK) motif, a nuclear locali zation sequence (NLS), a DNAbinding domain (DBD) and a helicase domain. Polyomavirus DNA replication is initiated when two hexamers of large T antigen form in a headtohead orientation on the origin of replication. These double hexamers twist in opposite orientations to each other, unwinding the viral DNA, and recruit cellular DNA polymerase-primase to initiate DNA rep lication 50 . Following initiation, the double hexamers sep arate from each other and move in opposite directions to replicate viral DNA in a bidirectional manner 51 (FIG. 3d) .
The outside surface of the helicase domain of SV40 large T antigen binds to the tumour suppressor pro tein p53 (REF. 52 ). Large T antigen binding to p53 blocks p53dependent gene expression in response to DNA damage signals. Some human polyomavirus large T anti gens, including those from JCPyV and BKPyV, bind to p53 in a similar manner to the SV40 protein. A recent report also provides evidence for a complex association between p53 and large T antigen from WUPyV, HPyV6 and HPyV7 (REF. 42); however, it is unclear whether MCPyV large T antigen binds p53. Furthermore, in Merkel cell carcinoma samples, the large T antigen gene has undergone mutations that result in expression of a truncated molecule which lacks the DBD and helicase domain, thereby rendering the virus unable to replicate the integrated viral origin of replication. This truncation deletes the region homologous to the p53binding region of SV40 large T antigen and the resultant protein must therefore ne unable to bind p53 even if the wildtype, fulllength version could bind 39 . After the helicase domain, JCPyV and BKPyV large T antigen contains a Cterminal region that bears some homology to the SV40 Cterminal domain (FIG. 3b) . This region of homology includes a threonine residue (threo nine 701 in SV40) that, when phosphorylated in SV40, serves as a phosphodegron decoy for the cullin RING ligase substrate adaptor FBXW7. Large T antigen phos phorylated on threonine 701 competes with phospho rylated cyclin E and MYC for binding to FBXW7. This competition interferes with the degradation of the G1-S specific cyclin E1 and MYC, thereby increasing their overall levels and contributing to cellular growth and proliferation 53 . Recently, the Cterminal region of SV40 large T antigen was shown to bind to FAM111A, a previ ously uncharacterized protein that contributes to viral gene expression, host range restriction and adenovirus replication in monkey cells 54 (FIG. 3b) . It is not known whether FAM111A binds to any of the human polyoma virus large T antigens. All the human polyomavirus large T antigens except those of JCPyV and BKPyV contain much shorter Cterminal regions with little homology to each other or to that of SV40. Viruses identified from human isolates are shown in yellow, and viruses identified from primate isolates are shown in red. This simplified tree was constructed by concatenating the amino acid sequences for the capsid protein VP1 and large T antigen from 19 separate isolates. Sequences were then aligned using MUSCLE 3.8.31 with default parameters 154 . Alignment positions containing more than 90% gaps were filtered using filter_alignment.py from QIIME All human polyomavirus small T antigens contain an Nterminal J domain followed by a unique region that contains two zincfingers which participate in binding to cellular protein phosphatase 2A (PP2A). Normally, PP2A contains three subunits: the regulatory A subu nit, the substrate adaptor B subunit and the catalytic C subunit. Small T antigen binds the A and C subunits of PP2A and displaces the B subunit, thereby altering the substrate specificity or inhibiting the enzymatic activity of PP2A 55, 56 . In addition to the highly conserved J domain and zincfingers, small T antigen contains a highly divergent region of 30-40 residues that links these two regions. It is highly likely that this uncharacterized small T antigen region can bind to additional cellular proteins, as it is oriented away from the PP2Abinding regions. Recently, it has been shown that MCPyV small T antigen can affect the phosphorylation state and activ ity of eukaryotic translation initiation factor 4Ebinding protein 1 (4EBP1) in a manner that is independent of PP2A binding 57 . Several human polyomaviruses encode a microRNA (miRNA). Evidence for an miRNA expressed by JCPyV, BKPyV and MCPyV has been obtained from infected tissues as well as from in vitro reporter constructs [58] [59] [60] . The region between the J domain and LXCXE motif has been shown to bind independently to cullin 7 (CUL7), BUB1 and insulin receptor substrate 1 (IRS1). Merkel cell polyomavirus (MCPyV) large T antigen binds to the endosomal protein VPS39. The LXCXE domain binds to retinoblastoma-associated protein (RB) and related proteins (p107 and p130). Phosphorylation of the threonine residue in the TPPK motif is required for large T antigen-mediated viral DNA replication. The nuclear localization signal (NLS) binds specifically to KPNA family importin homologues. The DBD and helicase domains are required for viral replication and recruit cellular DNA replication factors (DNA polymerase-α catalytic subunit (POLA), the replication protein A complex (RPA) and the DNA primase complex (PRIM) for DBD; and EP300, CREBBP, p53 and DNA topoisomerase 1 (TOP1) for the helicase domain) to the replicating simian virus 40 (SV40) genome. The carboxyl termini of SV40, JC polyomavirus (JCPyV) and BK polyomavirus (BKPyV) large T antigens each contain a threonine residue (threonine 701 in SV40, threonine 691 in BKPyV and threonine 684 in JCPyV) that, when phosphorylated, competes with phosphorylated G1-S-specific cyclin E1 and MYC for binding to the cullin RING ligase substrate adaptor FBXW7. FAM111A has recently been implicated in the SV40 host range restriction and adenovirus helper function. c | Small T antigen binds specifically to the A and C subunits of protein phosphatase 2A (PP2A). d | Polyomavirus genome replication. Replication begins when the large T antigen DBD binds to the origin of replication. Two hexamers of large T antigen form in a head-to-head orientation at the origin. The helicase domains of the large T antigen hexamers initiate unwinding of viral DNA followed by bidirectional replication.
The miRNA is encoded by the late transcript and con tains sequences that are complementary to the early region mRNA encoding large T antigen and small T antigen (FIG. 1a) . The miRNA from JCPyV, BKPyV and MCPyV targets the early mRNA for cleavage, result ing in reduced levels of large T antigen expression. As expression of large T antigen promotes the expression of the late mRNA and therefore of the miRNA, the miRNA is part of a negative feedback loop that modulates the expression levels of large T antigen, thereby reducing the host's immune response 61 . It has also been suggested that the miRNAs from JCPyV, BKPyV and MCPyV tar get cellular genes involved in the immune response 60, 62 . However, it is unclear whether this plays a part in latency or disease.
VP1 structures and sialic acid binding VP1 capsomeres are the major structural subunit of the polyomavirus capsid (FIG. 1b) . Each of the 72 capsomeres in the capsid shell is associated with one copy of either VP2 or VP3. Although recombinant VP1 capsomeres can selfassemble in vitro or in vivo into VLPs that resemble the viral capsid 63, 64 , the minor capsid proteins are required for the formation of infectious virions but are not required for haemagglutination 65 . VP4 is not part of the virion but functions as a viroporin that can perforate membranes to promote virion release from the cell 66 . Many polyomaviruses use a ganglioside modified with a glycan terminating in sialic acid as a primary cell attachment molecule 67, 68 . The preference for sialic acid was initially suggested by the ability of MPyV, JCPyV and BKPyV to haemagglutinate erythrocytes and by the loss of cell infectivity after neuraminidase treatment. Studies using liposomes mixed with specific synthetic gangliosides in flotation assays, and the addition of spe cific gangliosides to cells to restore infectivity, further defined the precise glycan linkages for each virus 69 . More recently, recombinant VP1 capsomeres have been used as reagents in glycan array binding screens to identify candidate glycans for subsequent validation. Structural studies have confirmed the glycan recognition of many of the new polyomaviruses. In one such study, research ers initially crystallized the MPyV capsomere, solved its structure to atomic resolution and then soaked the crys tals in sialyllactose, which led to the identification of the sugarbinding pocket on the VP1 capsomere 70, 71 . This technique has allowed the subsequent crystallographic characterization of several new human polyomaviruses and their glycan receptors 72, 73 (FIG. 4) . These structures also demonstrate both the remarkable conservation of the core eightstranded antiparallel βbarrel of the cap somere and the extensive elaboration of surface loops that represent the most disparate aspects of the capsid structure between viruses.
There are exceptions to the general rule of VP1 bind ing to gangliosides and the ability of polyomaviruses to haemagglutinate. SV40 infectivity is insensitive to neur aminidase, and the virus does not haemagglutinate. These properties result from the narrow specificity of SV40 for the glycan GM1 (monosialotetrahexosyl ganglioside), which is not present on erythrocytes, and the inability of neuraminidase to cleave the sialic acid modification from GM1 (REF. 74 ). MCPyV was found to haemagglu tinate erythrocytes and bind glycan GT1b in a liposome flotation assay 69 . However, it has been suggested that glycosaminoglycans are the primary cell attachment molecules for MCPyV and that sialylatedglycan bind ing occurs at a subsequent step 75 . JCPyV does not bind to a glycanmodified ganglioside, but rather binds to a linear pentasaccharide, LSTc (Nacetylneuraminic acid α2,6galactoseβ1,4Nacetylglucosamineβ1,3galactose β1,4glucose), present on a glycoprotein 68 ; however, JCPyV variants have been identified that have lost recog nition of LSTc 76 . Thus, there are some caveats to the assays that have been used to identify putative binding molecules for the new polyomaviruses, and the results obtained from these assays should be validated with infectivity analyses.
Sequence variants.
Complicating the search for patho logical correlations is the occurrence of sequence vari ants within a species, some of which seem to arise in vivo during persistent infection. The number of reported variants has been increasing for the wellstudied viruses JCPyV and BKPyV. In vivo, JCPyV seems to select for VP1 variants and agnogene deletions that might pre dispose to brain tropism and PML [76] [77] [78] [79] . When isolated from diseased tissues, the JCPyV genome often contains rearrangements in the noncoding regulatory region that might favour higher expression levels of large T antigen 80, 81 . BKPyV variants (both in the noncoding region and VP1) also exist, but the pathophysiological differences of these variants are unclear 82 . BKPyV has been categorized into four genotypes that can be dis tinguished by serology as well as by viralneutralization assays 83 . The ramifications of subtle changes in glycan recogni tion could be significant for polyomavirus pathogenesis. As first described for MPyV, a single amino acid sub stitution in the sialic acidbinding site can change the virus from having a 'small plaque' phenotype to hav ing a 'large plaque' phenotype 84 . This phenotype seems to result from an altered glycan recognition specificity that allows the virus to spread more rapidly by reducing the variety of glycans that can be bound 85, 86 . Such behav iour can be anticipated in the human polyomaviruses. For example, JCPyV, which is latent in the kidney, can reactivate under conditions of immunosuppression and spread to the brain, causing PML. JCPyV isolated from PML lesions has been found to have mutations in VP1 that are thought to enable the virus to more effectively cross the blood-brain barrier and infect oligodendro cytes. Despite the fidelity of the host DNA polymerase involved in viral replication, over many years such mutant viruses could accumulate in the reservoir virus population in the host. In any case, given the appropriate selection pressure in culture, SV40 VP1 acquires mutations that alter receptor usage and cell tropism 74 . It is likely that additional factors other than glycan recognition will con tribute to the cellular tropism adopted by the new human viruses as they fill unique niches, particularly in the skin, for which the interaction between papillomaviruses and heparan sulphate serves as an example 87, 88 . Nature Reviews | Microbiology . This method could be successful for other human polyomaviruses 91 . Alternatively, cell cultureadapted strains of the new human polyoma viruses might be identified, with rearrangements in the early promoter that support high levels of large T antigen expression similar to those found in SV40 and BKPyV.
Human polyomavirus infection and disease
The host cells and tissues that support infection by the new human polyomaviruses in vivo are unknown, and their identification is one of the most pressing research questions. On the basis of the sites where the polyomavirus DNA has been isolated, suspected sites of infection include the nasopharynx and lung for WUPyV and KIPyV, the skin for MCPyV, HPyV6, HPyV7, TSPyV and HPyV9, and the gastrointestinal tract for MWPyV and STLPyV. We anticipate, by extrapo lation, that the new human polyomaviruses are trans mitted horizontally by direct contact or by aerosol or faecal-oral routes. However, the site of infection, the original site of polyoma virus identification and the dis tant organs in which the virus can be detected might be distinct and difficult to relate to any pathophysiology 92 . Although several of the new human polyoma viruses have been isolated from nasopharyngeal or stool sam ples, correlations between infection and respiratory symptoms or diarrhoeal illness remain circumstan tial [93] [94] [95] [96] [97] [98] [99] . The data remain confounded by the presence of numerous viral agents in the samples studied, such that no single entity has been singled out as the causative agent [100] [101] [102] [103] . The clinical symptoms of primary infection with BKPyV and JCPyV have never been conclusively identi fied. Thus, it is perhaps not surprising that the new human , which provides anchorage in the cell membrane. Although the affinity constants for a single glycan-VP1 interaction are low, the avidity of multiple interactions on the viral surface provides a stable attachment. Subtle modifications of the glycan are used by different viruses, as indicated, and several glycans have been co-crystallized in complex with the specific VP1 pentamer (see Functional Glycomics Gateway page for VP1). Glycan GT1b has been suggested as one glycan receptor for Merkel cell polyomavirus (MCPyV) on the basis of in vitro binding studies and X-ray crystallography 69, 73 . It is also possible that receptor recognition changes for a particular virus, as demonstrated by the glycan preferences of 'large plaque' and 'small plaque' murine polyomavirus (MPyV) 86 .
polyomaviruses have not been associated with any clinical symptoms either. For example, in a recent study, serial col lections of serum from a cohort of men with HIV/AIDS were examined for signs of recent MCPyV infection. Despite careful surveillance and detailed questionnaires, none of the newly MCPyVinfected individuals developed any signs or symptoms of a primary MCPyV infection 104 . Attempts to link the new polyomaviruses to clini cal disease have focused on older individuals, in whom immunity is waning, or in the immunosuppressed 100, 101, 103 . In particular, immunocompromised individuals have been studied with respect to opportunistic diseases, but no specific correlations with human polyomaviruses have been identified as yet. JCPyV and BKPyV can cause a lytic infection that results in the destruction of tissue. JCPyV infection of oligodendrocytes in the central nerv ous system (that is, PML) and BKPyV infection of renal tubule cells (that is, PVAN) result in loss of these cells, similar to the welldescribed cytopathic effect of SV40. However, except for MCPyV and TSPyV, there has been no obvious association of the new human polyomaviruses with a clinical syndrome 105, 106 .
Merkel cell carcinoma
The key insight that prompted the hunt for a pathogen in MCC was the recognition that the incidence of MCC is higher in immunosuppressed recipients of organ transplants and in patients with HIV/AIDS than in nonimmunocompromised individuals. MCC was first described in 1972, followed by several reports that this rare cancer can occur in patients with a weakened immune status 107 . Patients with haematological malig nancies, especially chronic lymphocytic leukaemia, are at an increased risk of developing MCC 108 . There have been several reports of MCC developing in patients with autoimmune diseases such as psoriatic and rheuma toid arthritis, particularly when treated with immune suppressive therapy 109 . Additional risk factors for MCC include an age of greater than 60 years, and most MCCs occur in sunexposed areas of the skin 110 . In addition, it has been reported that pharmacological use of statins and environmental exposure to arsenic increase the risk of developing MCC, although the mechanisms involved are unclear 111, 112 . Clonal integration of the MCPyV genome has been nearly universally identified in MCC cells 22, 113, 114 . In addition to integration of the viral genome, the large T antigen gene is mutated, resulting in expression of a truncated molecule that lacks the DBD and the helicase domain, thereby inactivating its ability to replicate the integrated viral origin of replication 39, 114 (FIG. 5a,b) . Thus, similar to cervical lesions, which often contain inte grated human papillomavirus genomes, MCC tumours arise from the selection of cells containing integrated polyomavirus genomes with mutations that eliminate viral replication while preserving expression of the onco genic viral proteins 39 . A few integration sites have been mapped for MCPyV; it seems that the virus integrates near fragile sites in locations similar to those where inte grated human papillomavirus genomes have been found in cervical cancer 22, 115, 116 .
The number of copies of the MCPyV viral genome found integrated in MCC can range from a single copy to several thousand copies 113, 117, 118 . Two distinct models could explain the sequence of events that transforms an infected cell containing a wildtype episomal MCPyV genome into a tumour cell containing multiple copies of tandemly arrayed integrated mutant viral genomes. The mutation that truncates large T antigen, as well as the amplification of the viral genome copy number, could occur either before or after integration into the host genome. If random integration of a wildtype genome occurs first, then this must be followed by mutation of the large T antigen gene to disable the ability of the encoded protein to initiate replication of the integrated genome 39 (FIG. 5b,c) . The integrated mutant genome would subsequently undergo amplification in a pro cess that is perhaps similar to that whereby a cellular oncogene such as MYC undergoes copy number ampli fication. Alternatively, mutation of the large T antigen gene could occur in the episomal viral genome before integration. This mutant genome would subsequently undergo rollingcircle amplification instead of the normal polyomavirus bidirectional genome replica tion (FIG. 5d) . Rollingcircle amplification could occur when the viral genome contains a singlestranded DNA break; in this situation, one large T antigen hexamer would continue to replicate the intact strand, whereas the other hexamer would be unable to advance (FIG. 5d) . The extended, headtotail, mutated genome multimer would subsequently be integrated intact into the host genome. In both models, selection occurs for cancer cells that express the truncated large T antigen and intact small T antigen.
Expression of the MCPyV T antigens in MCC tumour cells probably contributes to disease initiation and maintenance. The MCPyV truncated large T antigen expressed in MCC typically preserves the J domain and LXCXE RBbinding motif 49, 113, 114 (FIG. 5a) . Expression of the truncated large T antigen that binds RB is required for continued growth of several MCPyVpositive MCC cell lines 119 . Recently, it has been shown that the RBbinding motif of MCPyV large T antigen contributes to high levels of survivin (also known as BIRC5) expression and that treatment with a smallmolecule inhibitor of survivin reduces the growth rate of MCC cell line xenografts 120 . In addition to large T antigen, small T antigen is required for cellular transformation 57 . Although MCPyV small T antigen can bind to PP2A, this activity might not be suf ficient for the transforming functions of the virus. MCPyV small T antigen mutants with single amino acid substitu tions that reduce PP2A binding retain some transforming functions in vitro 57 . MCPyV small T antigen promotes hyperphosphorylation and inactivation of the translation inhibitor 4EBP1 and increases host gene expression 57 . Small T antigens from other polyoma viruses might bind to PP2A, as well as to additional cellular proteins that contribute to the viral life cycle.
Studies using immunohistochemistry with anti bodies specific for MCPyV T antigens have indicated that T antigen expression occurs in up to 97% of all MCCs 57,113,121-124 . MCC tumours exhibit a range of Nature Reviews | Microbiology expression levels of the viral T antigens, from barely detectable to extremely high levels 57, 113, 118 . This raises the question of whether MCCs with low or negligible levels of MCPyV T antigen expression have specific mutations in cellular oncogenes or tumour suppressor genes that contribute to cancer formation and mainte nance. Mutations in TP53 (encoding p53) and PIK3CA (encoding phosphoinositide3kinase catalytic subunit αisoform) have been reported to occur in less than 10% of all MCC studied to date 113, [125] [126] [127] [128] . Notably, mutations in TP53 might be more frequent in MCCs with low levels or even a complete lack of MCPyV T antigen expression. Recently, two groups reported that expression of p63, a p53related protein, is correlated with poor prognosis in MCC [129] [130] [131] ; by contrast, two other groups did not find a significant correlation between p63 expression and prognosis 132, 133 . There has been some suggestion that high levels of MCPyV T antigen expression have a positive impact on the overall prognosis of MCC. The presence of serum antibodies against large T antigen correlates with disease status and might be useful as a biomarker 134 . A strik ing feature in some MCC tumours is the presence of an abundant T cell infiltration within the tumour itself 135, 136 . A strong T cell infiltration of MCC is associated with better prognosis 136 .
Other human polyomaviruses and cancer MCC is the only human cancer that contains clon ally integrated polyomavirus DNA. MCPyV has been detected in other human cancers such as chronic lympho cytic leukaemia (CLL) and squamous cell skin carcinomas, although at low levels and not integrated into the genome 108, [137] [138] [139] . This situation is similar to that of JCPyV and BKPyV, which have been detected in a variety of gastrointestinal and genitourinary can cers [140] [141] [142] . However, there has been no evidence that the tumours contain integrated JCPyV or BKPyV genomes. SV40 has been considered as a zoonotic agent involved in human oncogenesis, but the low copy number (<1/1,000 cells), the inconsistent results between laboratories and the nearundetectable seroprevalence of the virus has not supported this hypothesis 8, 143, 144 . The presence of episomal polyomavirus DNA is insufficient to support a causal role of these viruses in the pathogenesis of a cancer, because the tumour itself might be permissive for high levels of viral replication. Interestingly, how ever, a polyomavirus was isolated as an episome from highgrade brain cancers in ten wild raccoons exhibiting abnormal behaviour 145 . In these brain tumours, the rac coon polyomavirus expressed large T antigen, and this was associated with high levels of host cell p53.
Conclusions
Although the cornucopia of recently discovered human polyomaviruses might have unique cellular tropisms, it is likely that they will share certain characteristics with the wellstudied species MPyV, SV40, BKPyV and JCPyV. For example, we expect to find a ubiqui tous seroepidemiological prevalence for these viruses, although the few viruses with limited prevalence could be of great interest. Of clinical importance are the 50% of JCPyVnegative humans, who might be at a much reduced risk of developing PML after immunosuppres sion with natalizumab, owing to their lack of virus. The 50% of patients who are serologically negative for BKPyV subtype IV and receive a renal transplant are also speculated to be at greater risk of developing PVAN resulting from infection with a BKPyV subtype IVpositive kidney. Another likely common theme is that an asymptomatic primary infection occurs at a young age and is followed by lifelong persistence. The host cell reservoir for persistence might differ among polyomavirus species, but these cell types will be the source of reactivated virus and potentially also disease sites.
Despite all these expectations, the real unknowns for polyomavirus researchers continue to be the mechanisms of persistence and reactivation, how the unique features of each viral protein contribute to these processes, and the precise cell types that serve as viral reservoirs. It would be useful to be able to define the latency state, even if it is simply a low level of continuous lytic infection. Some progress has been made in understanding the host immunological response to polyomavirus infection in the mouse 146 , but latency remains a puzzle. One must also wonder whether infection and persistence with these nor mally benign viruses confers some advantage to the host.
In addition to MCPyV, another polyomavirus with possible oncogenic manifestations is HPyV9. HPyV9 is related to AGMPyV, which can infect and immortalize human B cells 27, 24, 147, 148 . If the newly discovered HPyV9 has the same tropism, it might have a causal relationship with B cell lymphomas. However, except for MCPyV, the most common pathological manifestation of infection with the new viruses identified so far is a lytic infection following reactivation in an immunosuppressed host. These lytic reactivations can be serious or even fatal, as suggested by PVAN and PML. For these diseases, antiviral therapies are desperately needed. Possible therapeutic strategies include smallmolecule inhibitors of virus-glycan binding or of T antigen functions, booster immunization in anticipation of immunosuppressive regimens to increase antibody levels, or enhancement of cellmediated immunity in elderly patients. The increasing use of immunosuppressive therapies might lead to more cases of polyomavirusinduced disease and could create a market for effective therapeutics that inhibit polyomavirus rep lication. In addition, new therapeutics that target the oncogenic activity of the MCPyV T antigens or boost the immune response would be extremely beneficial in MCC.
The evolution of polyomaviruses within and between species remains an active area of investigation. The close relationship with primate polyomaviruses also suggests that more human viruses might be discovered that are related to primate polyomaviruses which have yet to be associated with a human relative. The discovery of the skinresident polyomaviruses HPyV6 and HPyV7, with receptor specificities that extend to glycosaminoglycans as well as glycans, indicates that the polyomaviruses might be able to invade the papillomavirus niche. These two types of virus were once classified in a single family, Papovaviridae, and have many related features, so it would not be surprising if their infectious patterns intersect. Indeed, two of the most interesting species in this inter section are bandicoot papillomatosis carcinoma tosis viruses 1 and 2, which are recombinant viruses with the early region of a polyomavirus and the late genes of a papillomavirus, and which occupy a skin niche 149 .
The explosion in microbiome discovery will undoubt edly lead to the identification of more viruses and a growing family tree for the polyomaviruses. Much work lies ahead in filling in the biological and clinical data for each species and determining their relationship to human health.
